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A novel antioxidant regenerating system consisting of cellobiose dehydrogenase (CDH), cellobiose, and 
phenolic antioxidants with potential application for continuous quenching of free radical species in 
chronic wounds was developed. This antioxidant regenerating system, continuously quenched in situ pro¬ 
duced 'NO, 0^“ and OH' radicals and the produced oxidized phenolic antioxidants were regenerated back 
to their original parent compounds by CDH using cellobiose as electron donor. This system therefore pre¬ 
vented the accumulation of oxidized phenolic antioxidants. Interestingly, this study also challenges the 
relevance of using total antioxidant capacities values of plant crude extracts obtained using biologically 
none relevant radical species like (2,2-diphenyl-l-picrylhydrazyl (DPPH)), Trolox Equivalent Antioxidant 
Capacity (TEAC), etc. when applied as medicinal remedies. This is because methoxylated phenolic antiox¬ 
idants like sinapic acid, ferulic acid; 2,6-dimethoxyphenol readily donate their electrons to these radicals 
(DPPH, TEAC, etc.), thereby greatly influencing the total antioxidant values although this study showed 
that they are not at all effective in quenching 0^ radicals and again are not the most effective quenchers 
of 'NO and OH' radicals as demonstrated during this study. 

© 2012 Elsevier B.V. All rights reserved. 


1. Introduction 

Molecular oxygen plays a crucial role in sustaining life on this 
planet through its involvement in many processes, including pho¬ 
tosynthesis and aerobic respiration. Nevertheless, 0 2 which exists 
as a biradical molecule is also toxic especially when converted into 
superoxide (O^ - ) radicals which are considered the primary reac¬ 
tive oxygen species (ROS) in biological systems. In aqueous solu¬ 
tion, spontaneously dismutates to hydrogen peroxide (H 2 0 2 ), 
while in the presence of metals, for example, copper and iron, 
H 2 0 2 and generate hydroxyl radicals (OH - ) radicals [1,2]. 0^“ 

also react with nitric oxide ('NO) to yield reactive nitrogen oxygen 
species (RNS) for example, peroxynitrite (ONOCT), a powerful oxi¬ 
dant that oxidizes biomolecules. Although these free radicals (ROS 
and RNS) are byproducts of normal aerobic metabolism, and their 
production is relatively increased during infection [1,3], persistent 
overproduction is the major factor driving wounds into chronic 
state. This is because these free radicals continuously oxidize 
newly synthesized biomolecules in chronic wounds and also act 
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as promoters of pro-inflammatory responses. Therefore, chronic 
wounds defined as wounds that do not heal, remain in the inflam¬ 
matory phase for an unpredictable time [4-6]. Chronic wounds 
constitute a major health care challenge all over the world, with 
the global economic burden estimated to be between US $13 and 
$15 billion annually [5-7]. 

Although reasonable progress has been achieved in controlling 
wound exudates, protecting wound from further physical damage, 
infection and preventing loss of blood [8-14], the control of inflam¬ 
mation, proteases, and free radicals to promote wound healing re¬ 
main a big challenge. In our opinion, success in chronic wound 
healing will only be achieved when the physiological balance sim¬ 
ilar to that in acute wounds is restored. This includes measures like 
incorporating systems which continuously scavenge/quench ROS 
and RNS into the bioactive wound dressing polymers. Given the 
unquestionable importance of ‘NO in promoting wound healing 
(participation in angiogenesis, inflammation, cell proliferation, ma¬ 
trix deposition and remodeling) [15-17], as part of the strategy to 
promote chronic wound healing, its level should be reduced to 
optimal concentrations, while its reaction with 0^“ during the 
“respiratory burst” should be suppressed. This can be achieved 
by incorporating carefully selected plant phenolics antioxidants, 
which react selectively with specific free radicals protecting 
biological systems from oxidative damage. Plant phenolics are 
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increasingly being used as medicinal remedies for many patholog¬ 
ical conditions, including as antimicrobial and antioxidant com¬ 
pounds [18-26]. However, once phenolics antioxidants quench 
ROS and RNS, they themselves become reactive species too (phen- 
oxy radicals, radical quinones or quinones), a condition that drive 
the wound environment toward oxidative stress with time and 
also promote oxidation of biomolecules [27]. This also prevents 
successful healing of chronic wounds. 

To prevent the accumulation of the free radicals (ROS and RNS), 
a novel system which relies on cellobiose dehydrogenase (CDH), a 
versatile enzyme able to reduce phenoxy radicals, radical quinones 
or quinones [28-31], and plant phenolic antioxidants is reported 
for the first time. The system is designed in such a way that the 
phenolic antioxidant molecules quench ROS and RNOS (O^, OH', 
■NO, etc.), and the oxidized phenolic antioxidants are then reduced 
back to their original parent compound by CDH using cellobiose as 
electron donor (Fig. 1). It is our strong belief that such a system 
when incorporated into wound dressing hydrogels will guarantee 
a continuous supply of antioxidants. These antioxidants will con¬ 
tinuously quench the free radicals, prevent the oxidation of the 
newly synthesized biomolecules, suppress the persistent expres¬ 
sion of pro-inflammatory responses, and also prevent the accumu¬ 
lation of oxidized phenolics. This system combined with many 
other available medication regimes aimed at modulating pro- 
inflammatory gene expression system, removal of exudates, inhib¬ 
iting proteases, inhibiting pathogenic microorganisms will help 
create ideal conditions for the successful healing of chronic 
wounds. 

CDH is the only currently known extracellular flavocytochrome, 
which uses a variety of oligosaccharides substrates as electron do¬ 
nors (cellobiose, lactose, triose, and many cellulose fragments) to 
reduce many structurally different phenoxy radicals, radical qui¬ 
nones or quinones (electron acceptors) [28-31]. The versatile elec¬ 
tron transfer properties of CDH are being exploited for many 


biotechnological applications including the development of bio¬ 
sensors for the detection of cellodextrins [32] maltose [33], lactose 
[34], diphenolic compounds [35-37], and catecholamines (dopa¬ 
mine, adrenaline and noradrenaline) [38]. CDH has been shown 
to continuously regenerate laccase oxidized substrates [39]. It is 
therefore believed that this system could play a crucial role in recy¬ 
cling phenolic antioxidants in chronic wounds through their stra¬ 
tegic incorporation into wound dressing polymers like hydrogels. 

2. Materials and methods 

2.2. Materials 

Potassium persulfate (PMS), ethylenediamine tetraacetic acid 
(EDTA), ascorbic acid, 2-deoxy-2-ribose, trichloroacetic acid 
(TCA), mannitol, nitro blue tetrazolium (NBT), reduced nicotin¬ 
amide adenine dinucleotide (NADH), 2,6-dichlorophenol-indophe- 
nol (DCIP), phenazine methosulfate (PMS), sodium nitroprusside 
(SNP), H 2 0 2 , ascorbic acid, iron sulfanilamide, naphthylethylenedi- 
amine dihydrochloride (NED), H 2 0 2 , NASH reagents (2,4-pentane- 
dione, acetic acid, ammonium acetate), including phenolic 
antioxidants (2,6-dimethoxyphenol; guaiacol, catechol, sinapic 
acid, gallic acid, ferulic acid, caffeic acid, vanillic acid) were pur¬ 
chased from Sigma-Aldrich. All the other chemicals were pur¬ 
chased from Merck. Myriococcum thermophilum cellobiose 
dehydrogenase was produced and purified as previously described 
Flitsch et al. [40]. 

2.2. Cellobiose dehydrogenase (CDH) activity assay 

The activity of CDH was assayed according to Baminger et al. 
[41 ] with slight modifications. Briefly, CDH activity was measured 
by monitoring the decrease in absorbance of 2,6-dichlorophenol- 
indophenol (DCIP), at 520 nm (e 520 = 6.8 x 10 3 M -1 cm -1 ), pH 4.0 
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Fig. 1 . Schematic representation of the antioxidant regenerating system. The phenolic antioxidants quench ROS and RNOS. The resulting oxidized phenolic antioxidants are 
then reduced back to their original compound by CDH using cellobiose as an electron acceptor. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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and 37 °C using a Hitachi UV-VIS 2001 spectroscopy. The reaction 
mixture (in a total volume of 1 ml) contained the following: 
0.3 mM DCIP, 30 mM cellobiose 100 mM sodium acetate buffer, 
pH 4.0). After temperature adjustment, the reaction was started 
by addition of CDH enzyme of final activity 5 U ml -1 , and the de¬ 
crease in absorbance was monitored during the first 2 min. One 
unit of enzyme activity is defined as the amount of enzyme reduc¬ 
ing 1 pmol of DCIP per second under the above reaction conditions. 

2.3. Regeneration of oxidized antioxidants by CDH 

The 'NO radicals were used as a model to demonstrate the abil¬ 
ity of CDH to quench oxidized phenolic antioxidants. At physiolog¬ 
ical pH, 'NO is generated from aqueous sodium nitroprusside (SNP) 
solution and interacts with oxygen to produce nitrite ions, which 
were quantified using the Griess reagent [42]. Quenching of the 
generated 'NO was tested with various antioxidants in presence 
or absence of CDH to regenerate the antioxidants. The reaction 
mixture (1 ml) contained 1 mM SNP in PBS buffer (pH 7.4) with 
100 pM of antioxidant (either 2,6-dimethoxyphenol; guaiacol, cat¬ 
echol, sinapic acid, gallic acid, ferulic acid, caffeic acid or vanillic 
acid) with or without antioxidant regenerating system (5 U ml -1 
CDH + 400 pM cellobiose) final concentration. The reaction mix¬ 
ture was then incubated at 25 °C for 150 min in front of a visible 
25 W tungsten lamp. After incubation for 150 min at 25 °C, 
0.5 ml sulfanilamide (0.33% in 20% glacial acetic acid) was added 
to 0.5 ml of the incubated solution and allowed to stand for 
5 min. Further, 0.5 ml of naphthylethylenediamine dihydrochlo¬ 
ride (0.1% w/v) was also added, and the mixture incubated for 
30 min at 25 °C. The pink chromophore generated during diazoti- 
zation of nitrite ions with sulfanilamide and subsequent coupling 
with NED was measured at 540 nm against a blank sample [43]. 
The generated nitrite was estimated using a standard curve based 
on known concentrations of sodium nitrite solutions. 

3. HPLC-MS analysis of the ability of CDH to regenerate oxidized 
phenolic antioxidants 

In addition to UV-VIS monitoring of antioxidant regenerating 
system, HPLC was carried out using Dionex HPLC-UVD-system 
equipped with a P580 pump, an ASI-100 autosampler, and a 
PDA-100 photodiode array detector. Reaction mixtures containing 
phenolic antioxidants NO generating system prepared as described 
above were incubated simultaneously with or without an antioxi¬ 
dant regenerating system. An equal volume of methanol was 
added, the mixture was centrifuged for 15 min at 14,000g, and 
600 pi aliquots were transferred into HPLC vials. Separation of cou¬ 
pling products was achieved by reversed phase HPLC RP-C18 col¬ 
umn (XBridge, Cl 8, 150x4.6 mm, Water, USA) using a linear 
gradient of methanol (solvent B) and 0.1% Formic acid (solvent A) 
as solvent at a flow rate of 1 ml min 1 , an injection volume of 
10 pi, and an oven temperature of 30 °C. 

3 A. Quenching of super oxide (Of) by the antioxidant regenerating 
system 

The ability of CDH/antioxidant system to quench radicals 
was investigated by monitoring the inhibition of the reduction 
of nitro blue tetrazolium (NBT). The phenazine methosulfate - 
nicotinamide adenine dinucleotide (PMS/NADH) system gener¬ 
ates Of radicals which reduce nitro blue tetrazolium (NBT) to a 
purple formazan product monitored at 560 nm. However, the 
presence of an effective radicals quencher prevents the reduc¬ 
tion of NBT. The reaction mixture contained phosphate buffer 
100 pM NADH, 120 pM NBT, 100 pM PMS supplemented with 


either 50 pM of the antioxidant (either 2,6-dimethoxyphenol; 
guaiacol, catechol, sinapic acid, gallic acid, ferulic acid, caffeic 
acid or vanillic acid) alone or antioxidant regenerating system 
(50 pM phenolic antioxidant, 100 pM cellobiose and CDH of 5 U 
final activity). 

3.2. Quenching ofOH m radicals by the antioxidant regenerating system 

The ability of the CDH/antioxidant regenerating system to 
quench OH' radicals was investigated by incubating a OH' generat¬ 
ing system (H 2 0 2 -ascorbic acid-iron) with 100 pM antioxidants 
(2,6-dimethoxyphenol; guaiacol, catechol, sinapic acid, gallic acid, 
ferulic acid, caffeic acid, vanillic acid) or respective phenolic anti¬ 
oxidant regenerating system. The CDH-phenolic antioxidant 
regenerating system consisted of 200 pM cellobiose and CDH of 
5 U final activity. The reaction mixture, in a total of volume 3 ml, 
contained 100 mM phosphate buffer (pH 7.4), radical generating 
system (200 pM H 2 0 2 , 200 pM iron -1 mM ascorbic acid complex) 
and 40 mM DMSO final concentration with or without the antiox¬ 
idants. Mannitol, a classical OH' scavenger, was used as a positive 
control. The reaction mixtures were incubated at 37 °C for 1 h. 
After 1 h incubation, the inhibition of the formation of formalde¬ 
hyde due to the decreased formation of OH' was assayed spectro- 
photometrically using the Nash method [44]. Percentage 
inhibition was evaluated by comparing the test and blank 
solutions. 

3.3. Data analysis 

Unless otherwise specified, quenching of O^", OH' and 'NO was 
estimated by comparing the concentration of oxidized indicators 
molecules in the presence of the radical generating system alone 
with those of the reaction mixture containing antioxidant or both 
antioxidant and antioxidant regenerating system. The results were 
then expressed as percent quenching as shown in following 
equations: 

% Quenched free radicals = ^ x 100 (1) 

Ao 

% Quenched free radicals = ^ x 100 (2) 

Ai 

where A 0 is the concentration of oxidized or reduced substrates by 
the radical generating system, and A\ is the concentration of oxi¬ 
dized or reduced substrates in the presence of alone, and A 2 is the 
concentration of oxidized or reduced substrates in the presence of 
both antioxidant and antioxidant regenerating system. 

4. Results and discussions 

4A. ROS and RNS quenching with the CDH-cellobiose-phenolic 
antioxidant regenerating system 

Free radicals ('NO, and OH' radicals) generating systems 
were incubated with several well-known phenolic antioxidants 
including catechol, caffeic acid, sinapic acid, gallic acid, guaiacol, 
ferulic acid, and vanillic acid in the presence or absence of an anti¬ 
oxidant regenerating system (cellobiose plus the CDH enzyme). As 
exemplified by nitric oxide 'NO), all tested antioxidants quenched 
the radicals resulting in their oxidation (Fig. 2). Upon addition of 
CDH and cellobiose, the oxidized antioxidants were reduced result¬ 
ing in their regeneration (Fig. 2). 

Further proof of the ability of CDH to regenerate the oxidized 
phenolic antioxidants was provided by HPLC analysis as evidenced 
for vanillic acid and 2,6-dimethoxyphenol (Fig. 3). There was 
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Wavelenght (nm) Wavelenght (nm) 


Fig. 2. Wavelength scan profiles of the quenching of NO radicals by different phenolic antioxidants and the subsequent regeneration of oxidized antioxidants by CDH using 
cellobiose as electron donor. NO generating system was incubated with antioxidants for 45 min, and then the antioxidant regenerating system was added and further 
incubated for 20 min. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 



Fig. 3. HPLC-analysis of oxidation/reduction products of phenolic antioxidants during incubation with NO radical generating system. Quenching of NO radicals by phenolic 
antioxidants (DMP and catechol) or ascorbic acid and their regeneration by CDH in the presence of cellobiose. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 


complete disappearance of vanillic acid and reduction in 2,6-dime- 
thoxyphenol incubated with the radical generating system without 
the antioxidant regenerating system or ascorbic acid. However, 
the reduction in these antioxidants was insignificant in absence 
of the antioxidant regenerating system (Fig. 3). This is a clear 
demonstration that CDH was able to use cellobiose as electron 
donor to reduce oxidized phenolic antioxidants. Similarly, addition 
of ascorbic acid to oxidized antioxidants resulted in their reduction 
(Fig. 3). However, it should also be noted that some antioxidants 
could be lost due to the polymerization or formation of new 
products of oxidized phenolic antioxidants, and this is also clearly 
demonstrated by the small peaks (appearing between 14.5 and 
14.60 in the HPLC chromatograms of 2,6-dimethoxyphenol 
incubated with the radical generating system alone (Fig. 3). Once 
oxidized phenolic compounds are well-known to form intramolec¬ 
ular or intermolecular coupling products [45,46]. Therefore, to pre¬ 
vent this coupling, it is important to design the system such that 
once the antioxidant quenches a radical, it is immediately 


reduced by the antioxidant regenerating. This can be achieved by 
supplying the antioxidant regenerating system in excess. 

Interestingly, during incubation of vanillic acid with ‘NO, two 
peaks, one absorbing around 400 nm and the other at 700 nm ap¬ 
peared in the chromatogram (Fig. 2). Surprisingly, upon addition of 
the antioxidant regenerating system, only the peak appearing 
around 400 nm disappeared while that at 700 nm remained con¬ 
stant (Fig. 2). Addition of ascorbic acid or trolox, well-known anti¬ 
oxidants did not also affect this peak at 700 nm. This peak 
(700 nm) may be attributed to the reaction of 'NO with vanillic 
acid. This is supported by previous studies, which demonstrated 
that 'NO coupled phenolic compounds lost their antioxidant prop¬ 
erties [47,48]. Although some authors have reported nitrosation as 
a negligible phenomenon [49], screening against such molecules is 
important since the phenolic amines generated are well-known 
carcinogens. Thus, molecules like vanillic acid should be avoided 
for incorporation in the bioactive chronic wound dressing 
polymers. 
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Fig. 4. Quenching of NO radicals with phenolic antioxidants in presence of absence of CDH and cellobiose. Quenching is expressed as% inhibition of the formation of 925 pM 
nitrite ions in samples incubated with a NO generating system. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 


Comparing the ‘NO quenching abilities of the phenolic antioxi¬ 
dant system alone and the CDH-antioxidant regenerating system 
shows that the later was consistently more effective in inhibiting 
the formation of 925 pM nitrite ions regardless of the phenolic 
antioxidant (Fig. 4). However, the overall effectiveness depended 
on the ability of the individual antioxidant to quench 'NO. For 
example, hydroxylated phenolic antioxidants catechol, gallic acid, 
and ferulic acid were among the best in the presence and absence 
of the antioxidant regenerating system (Fig. 4). 

Their ability to quench 'NO increased above 70% in the presence 
of the antioxidant regenerating system (Fig. 4). Previous studies 
have also reported catechol [50,51] and caffeic acid [52] as effec¬ 
tive 'NO quenchers. Methoxylated phenolic antioxidants like 2,6- 
dimethylphenol as also shown in this study were also reported 
to be weak 'NO scavengers [47,48]. The ability of CDH to reduce 
guaiacol and vanillic acid radicals was already reported by Ander 
and coworkers [53] as early as 1993 although this was never 
exploited for regenerating antioxidants. It is worth noting that 
the presence of the antioxidant regenerating system led to the 
quenching of higher amounts of'NO (Fig. 4). 

4.2. Quenching of Of by the CDH-cellobiose-phenolic antioxidant 
regenerating system 

The PMS/NADH system was used to generate O^ in vitro in the 
presence of phenolic antioxidant alone or the CDH-based antioxi¬ 
dant regenerating antioxidant system supplemented with NBT. 
The effectiveness of the antioxidant or antioxidant regenerating 
antioxidant system was measured as its ability to prevent the 
reduction of NBT to yield formazan by the in situ generated O^. 
As shown in Fig. 5, the 120 pM NBT incubated with the radical 
generating systems were reduced, while 32, 57, and 76 pM NBT 
was reduced upon incubation with radical generating system 
in the presence of gallic acid, catechol and caffeic acid, respectively. 
The quenching ability therefore increased with increasing hy¬ 
droxyl groups when comparing gallic acid and catechol. However, 
sinapic acid, ferulic acid, and 2,6-dimethoxyphenol, well-known 
antioxidants using total antioxidant capacity assay methods like 
DPPH, ABTS, N,N-dimethyl-p-phenylenediamine (DMPD), etc., 
were not able to quench O 2 radicals. 


Comparing these methoxylated phenolics shows that the 
increasing number of methoxyl groups decreases 0^ radicals 
quenching activity. Aboul-Enein et al. [54] also reported weak 
scavenging activity of ferulic acid and also demonstrated that 
dihydroxy benzoic acids were good 0^“ quenchers. This observa¬ 
tion shows that the total antioxidant capacity values of plants 
crude extracts obtained using many of the available methods like 
DPPH, ABTS, TMAMQ, etc. do not reflect the ability of these crude 
extracts in scavenging radicals since the obtained values are 
greatly influenced by methoxylated phenolics. This shows that it 
is not enough to just refer to the total antioxidant capacity of plant 
crude extracts when this is directed at in vivo treatment of oxida¬ 
tive stress in patients. This observation also helps to partly justify 
the many conflicting reports on the role of plant phenolic antioxi¬ 
dants as remedies for oxidative stress related diseases. 

Further incorporation of the antioxidant regenerating system 
(CDH + cellobiose) during incubation of the 0^ radical generating 
system with caffeic acid, catechol or gallic acid enhanced their rad¬ 
icals quenching abilities (Fig. 6). Under the various conditions 
investigated, the CDH-phenolic antioxidant regenerating system 
consistently performed better (quenched more O^ - , thereby pre¬ 
venting the reduction of NBT) than the system containing the phe¬ 
nolic antioxidant alone (Fig. 6). 

The CDH-gallic acid quenching system increased the 
quenching activity by 36% as compared to gallic acid alone. Simi¬ 
larly the catechol-CDH radical scavenging system, increased O^ - 
quenching activity by 43%. Further studies performed by spiking 
the radical quenching system during the production of 0^“ by the 
(PMS/NADH) system showed similar trend (Fig. 7). 

For example, spiking CDH and gallic acid, catechol or caffeic acid 
led to the immediate decrease in the reduction of NBT (Fig. 8). The 
rate of reduction of NBT was decreased from an average 
1.05 pM s _1 in the absence of the radical quencher to 1.24 x 10 _1 - 
pM s _1 , 1.62 x 10 -1 pM s -1 and 3.32 x 1CT 1 pM s _1 for gallic acid, 
catechol and caffeic acid, respectively. In contrast, the CDH-pheno¬ 
lic antioxidant regenerating system constituted with the methoxy¬ 
lated phenolics (sinapic acid, vannilic acid, 2,6-dimethoxylphenol) 
were not at all effective in moping radicals as evidenced by the 
increased reduction of NBT similar to the control (Fig. 8). These re¬ 
sults also show CDH and cellobiose have no effect as long as there 
were no oxidized phenolic antioxidants. Nevertheless, what is very 
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Fig. 5. Quenching of in situ generated O 2 radicals with phenolic antioxidants. A higher quenching results in a lower amounts of formazan formation since the antioxidant 
prevent the reduction of NBT to formazan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 


2,6-Dimethoxyphenol (DMP) 



Fig. 6. Quenching of in situ generated O 2 radicals with phenolic antioxidants in presence of absence of CDH and cellobiose. Higher quenching results in lower amounts of 
formazan formation since the antioxidant prevent the reduction of NBT to formazan. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 


clear from the results in Figs. 2 and 3, is that the phenolic radicals 
generated after quenching ‘NO or 0^“ are reduced back to their ori¬ 
ginal parent compound and continues to quench the generated 
radicals. Judging by the results of this study, effective quenching 
of radicals in chronic wounds is preferably achieved by incor¬ 
porating phenolic compounds rich in hydroxyl groups like gallic 
acid and catechol as well as the antioxidant regenerating system. 
Further, these studies show that the general agreed proposition 
based on observing the reaction of phenolic antioxidants with none 
biological radicals such as ABTS and DPPH, that is, the substitution 
of one or two methoxy groups at the ortho position relative to the 
hydroxyl group markedly increases the antioxidant activity of phe¬ 
nolic acids (e.g., sinapic acid is a more efficient antioxidant than 
ferulic acid) [55], is irrelevant with respect to radicals and does 
not also fully apply to 'NO radicals. For example, the presence of 
methoxyl groups at meta and para positions in hydroxybenzoic 


acids increased the antioxidant activity when comparing vannilic 
acid and syringic acid and a similar trend was also observed for 
hydroxycinnamates when comparing caffeic acid and sinapic acid 
[20,56], yet these methoxylated phenolics are poor 0^ scavengers. 
Similarly, the belief that hydroxylated cinnamic acids are more 
effective antioxidants than their benzoic acid counterparts [55] is 
a relative term which again does not apply in quenching 0^ radi¬ 
cals. However, it is agreed that increasing hydroxyl groups in phe¬ 
nolic antioxidant increases the antioxidant activity of phenolic 
acids (gallic acid with three hydroxyl groups is more active than 
catechol) toward 0^ and 'NO. By targeting the scavenging of 0^, 
the production of deleterious ROS and RNOS like ONOCT or OH' 
will be curtailed. 'NO is the only known biological molecule that 
outcompetes endogenous superoxide dismutase in reacting with 
O'j [17], and under inflammatory conditions, simultaneous pro¬ 
duction of Off and 'NO has been shown to increase the formation 
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Fig. 7. The 0^ generating (PMS/NADH) system was incubated with antioxidant 
molecules alone or the CDH-phenolic antioxidant regenerating system and the % 
inhibition of the reduction of 120 (iM NBT measured and compared with the control 
(0^ generating system and 120 pM NBT). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 9. Quenching of in situ generated OH' radicals with phenolic antioxidants in 
presence of absence of CDH and cellobiose. A higher quenching results in a lower 
oxidation of 40 mM DMSO by the OH' generating system (H 2 0 2 -ascorbic acid-iron- 
EDTA) resulting in a lower amount of formaldehyde. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.) 


Sinapic add ♦ CDH 
Sinapic acid 
Cafeic acid ♦ CDH 
Cafeic acid 
2,6 Dimethoxyphenol ♦ CDH 
2,6 Dimethoxyphenol 
Gallic acid+CDH 
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Guaiacol ♦ CDH 
Guaiacol 



Fig. 8. Effect of spiking CDH-phenolic antioxidants regenerating system on the rate 
of reduction of NBT to formazan during in situ incubation of NBT with Of radicals. 
CDH-phenolic antioxidants regenerating system was spiked during the exponential 
reduction of NBT. 


of ONOO - by a 1,000,000-fold [17]. This therefore emphasizes the 
need to incorporate an effective quenching system to prevent 
the formation of ONOO - and its decomposition products which 
continually oxidize biomolecules in the chronic wounds [57]. 


4.3. Quenching of OH' radicals by the CDH-cellobiose-phenolic 
antioxidant regenerating system 

The OH - radicals is an extremely reactive free radical which re¬ 
acts rapidly with almost evertype of molecule found in living cells 
including sugars, proteins, lipids, and DNA. Therefore, strategies 
aimed at preventing its formation by for example providing an 
effective O^ radicals or its immediate removal will be of great ben¬ 
efit. As shown in Fig. 9, gallic acid (95% inhibition) and catechol 
(91% inhibition) were the most effective in quenching OFF radicals 
as compared to methoxylated phenolics (Fig. 9). The OFF radicals 
quenching ability of CDFI-phenolic antioxidant regenerating 
was estimated based on preventing the conversion of DMSO to 


formaldehyde. The methoxylated phenolic sinapic acid, guaiacol, 
and 2,6-dimethoxyphenol were not effective in the preventing 
the oxidation of DMSO. Interestingly, the ability to quench OFF rad¬ 
icals, thereby inhibiting the production of formaldehyde was sig¬ 
nificantly enhanced by incorporating the antioxidant 
regenerating system (CDFI + cellobiose) in all the experimental set¬ 
ups. The efficiency followed the same trend as observed in the 
presence of the antioxidant alone (Fig. 9). Comparing gallic acid 
and catechol, it would also appear that the ability to quench OFF 
radicals slightly increased with increasing number of hydroxyl 
groups (Fig. 9). Cheng et al. [58] also noted that mono-hydroxyl- 
ated phenolic compounds were less active than those having two 
hydroxyl groups on the benzene ring. Further, it has also been con¬ 
firmed that when phenolic antioxidants are ortho and para substi¬ 
tuted as in catechol and caffeic acid their OFF radicals activity is 
even increased further as reported by Thavasi et al. [59] and Chimi 
et al. [60]. 


5. Concluding remarks 

A novel antioxidant regenerating system (CDFI and cellobiose) 
was developed and demonstrated to be very effective in enhancing 
the quenching of the tested ROS and RNS radicals (O^ - , OFF, ’NO). 
Thus, from these studies, it was demonstrated that the antioxidant 
regenerating system could well be used to support the regenera¬ 
tion of all the tested oxidized phenolic antioxidant molecules and 
can be exploited for continuously quenching free radicals in 
chronic wounds. It is strongly believed that such an antioxidant 
regenerating system will enable create ideal conditions for the suc¬ 
cessful healing of chronic wounds and may also provide a solution 
to challenges besetting cell culture studies modulating redox sta¬ 
tus of the culture environment. This can be achieved by strategi¬ 
cally incorporating this system in wound dressing polymers like 
hydrogels such that when the phenolic antioxidants quench the 
ROS and RNS they are then regenerated by CDFI or coating cell cul¬ 
ture plates with CDH. These studies together with other ongoing 
studies aimed at exploiting CDH in the field of bioelectrocatalysis 
shows that CDH is a versatile electron transfer enzyme. Interest¬ 
ingly, this study also challenges the biological relevance of total 
antioxidant capacities of plant crude extracts measured using none 
biologically relevant radicals species like DPPH, ABTS, DMPD, 
TMAMQ, etc. when applied as medicinal remedies. This is because 
these total antioxidant values obtained using these methods are 
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greatly influenced by methoxylated phenolic antioxidant mole¬ 
cules like sinapic acid, ferulic acid; 2,6-dimethoxyphenol, etc. 
which are not able to quench 0^ radicals. Therefore, the values ob¬ 
tained if not qualified they are meaningless. 
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